Introduction
Signal transduction pathways in prokaryotes regulate cellular functions in response to environmental cues. According to the current view, prokaryotic signal transduction is conducted mostly by two-component regulatory systems that function as a result of phosphotransfer between two key proteins: a sensor histidine kinase and a response regulator [1] [2] [3] [4] [5] [6] . Most histidine kinases that have been experimentally studied are membrane-bound and have an extracellular input domain, whereas all response regulators are cytosolic. In a typical two-component system, the input domain of the sensor histidine kinase detects the environmental signal (usually a small molecule ligand) resulting in the activation of the histidine kinase domain, which autophosphorylates at a specific histidine residue (H; Figure 1a ). The phosphoryl group (P) is then transferred to a specific aspartate residue (D) in the receiver domain of a response regulator. Phosphorylation of the response regulator activates the output domain, which initiates the corresponding cellular response. The majority of experimentally characterized two-component systems regulate gene expression at the level of transcription using the DNA-binding helix-turnhelix (HTH) output domains of the response regulators [4, 5] . In addition, some response regulators contain enzymatic output domains, such as the di-guanylate cyclase [7] .
What is a one-component system? The modular design of two-component systems is elegant, but does not appear to be the simplest possible solution to the signal transduction challenge -linking environmental stimuli to adaptive responses. A much simpler design for a signal transducer is the direct fusion of an input domain to an output domain in a single protein molecule (Figure 1a) . It is well known that transcription of prokaryotic operons is typically regulated by single-molecule repressors and activators that contain ligand-binding and DNA-binding HTH domains (this is also the case for most twocomponent systems). The LacI lactose operon repressor [8] and the catabolite activator protein (CAP) [9] of E. coli are classic examples of such transcriptional regulators. Although these transcriptional regulators are not normally described as signal transduction systems, it has been noted that they contain some of the same input and output domains that are typical of two-component signal transduction systems [10] [11] [12] [13] [14] [15] . For example, PAS (found in period clock protein, aryl hydrocarbon receptor, and single-minded protein) [10] and HTH are input and output domains in the two-component system NtrB-NtrC [16] and in the single-molecule transcriptional regulator RocR [17] , respectively (Figure 1b) . Using domain database searches, many other combinations of input and output domains have been identified as direct fusions in known or predicted regulatory proteins (Figure 1b) . Thus, onecomponent systems, which are defined as proteins that contain known or predicted input and output domains but lack histidine kinase and receiver domains, appear to have a repertoire of input and output domains similar to that of two-component systems and therefore might detect similar stimuli and elicit similar cellular responses. Sensory and regulatory properties of some of the one-component systems have been well-documented experimentally [18] [19] [20] .
One-component versus two-component systems: a survey of bacterial and archaeal genomes The observation that the input and output domains of twocomponent systems are found in one-component systems prompted us to perform an exhaustive database search and analysis (Box 1), which yielded detailed information on the distribution and co-occurrence of input and output domains in 145 complete and draft prokaryotic genomes (for complete results, please visit our website at http:// genomics.biology.gatech.edu/research/TIM). Strikingly, this analysis detected many more one-component systems (w17 000) than two-component systems (w4000). Moreover, one-component regulators show much greater diversity with regards to the input and output domain repertoire than two-component systems ( Figure 2 ). Many domains are found exclusively in one-component systems, whereas there are no unique input or output domains in two-component systems. The principal type of output activity in both classes of signal transduction systems is regulation of gene expression at the level of transcription: 87% of the known output domains in two-component systems and 84% in one-component regulators are DNA-binding HTH domains. The rest of the output domains are enzymes regulating the level of cyclic nucleotides and protein phosphorylation. The major input activity in both classes is small-molecule-binding: 96% of the known input domains in two-component systems and 93% in one-component regulators are various small-molecule-binding domains. The rest of the input domains are enzymatic and cofactor-containing (mostly redox-responsive) domains and domains involved in protein-protein interactions. Distinct input domains were detected in many but not all of the one-component regulators. However, it is important to note that current computational tools have been unable to detect input domains within protein sequences of several onecomponent regulators that are known to carry out specific sensory functions. For example, in the CueR 
Box 1. Detection of signal transduction proteins in sequenced genomes
The identification of signal transduction proteins is based on the computational domain analysis of protein sequences. We obtained 145 complete and draft prokaryotic genomes from the National Center for Biotechnology Information [a complete list of genomes is available on our website (http://genomics.biology.gatech.edu/research/TIM)]. Protein sequences encoded in each genome were searched against the Pfam [28] and SMART [29] domain libraries (hidden Markov models) using the HMMER software package (http://hmmer.wustl.edu/) on a parallel Linux cluster. The resulting domain architectures were stored in a My4L database. Custom Perl scripts were developed to query the database for domains and domain combinations using regular expressions.
Definitions of input and output domains of prokaryotic signal transduction and gene regulation categories are based on curated assignments in the Pfam-A [28] , SMART [29] and clusters of orthologous groups (COGs) [30] resources, and recent genomic surveys [11, 12, 15] . A complete list of input and output domains used in this study can be found on our website (http://genomics. biology.gatech.edu/research/TIM). Two-component systems were identified by the presence of the histidine kinase (HATPase_c) and response regulator (response_reg) domains. One-component regulators were identified by the presence of one or more known output domains and the absence of histidine kinase and response regulator domains. Because many input domains involved in prokaryotic signal transduction also participate in other cellular processes (e.g. ligand-binding in transport and metabolism), they were counted only when found in a combination with the histidine kinase (two-component systems) or a known output domain (onecomponent regulators). By contrast, output domains typically have a single, specific regulatory function (e.g. transcriptional regulation via binding to specific promoters) and therefore all output domains were counted in the domain analysis.
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C sensor-transcriptional activator, the HTH output domain is fused directly to a simple helix-loop-helix element (undetectable by current computational domain searches), which serves as a metal-sensing (input) domain [21] . Therefore, we hypothesize that most, if not all, onecomponent regulators detected in our genomic analysis via the identification of an output domain participate in various forms of prokaryotic signal transduction.
Genome size, lifestyle and environment contribute to the complexity of signal transduction The number of one-component and two-component systems per genome positively correlates with the genome size and, in both cases, is roughly proportional to the square of the total number of genes ( Figure 3) . As shown recently, signal transduction and regulation of gene expression stand out among all functional categories of proteins in showing the steepest dependence on the total number of genes [22, 23] . This appears to reflect the disproportionate increase in the hierarchical complexity of gene regulation with the increase in genome size, which might ultimately control the maximum achievable genome size, at least in prokaryotes. Both one-component and two-component systems contribute to this increase in biological complexity, but given the similar exponents of the plots (Figure 3) , the contribution of the more abundant one-component regulators is greater. Significant deviations from this general trend appear to reflect particular biological phenomena as well as environmental conditions in a microbial habitat. For example, the genomes of the marine cyanobacterium Trichodesmium erythraeum and the soil a-proteobacterium Sinorhizobium meliloti are comparable in size: 7.7 and 6.7 Mb, respectively. However, there are 69 one-component regulators encoded in the former (unusually few) versus 390 in the latter (unusually many). The difference in the number of two-component systems in the two genomes is much less noticeable and, in fact, not significant: 35 and 40, respectively. Both bacterial species have a versatile metabolism that is reflected by their large genome size. However, S. meliloti has a complex developmental program [24] and experiences significant fluctuation of various physico-chemical parameters in its microenvironments (soil, rhizosphere and plant root interior). By contrast, T. erythraeum does not undergo developmental changes typical of other nitrogen-fixing cyanobacteria (heterocyst formation) and lives under more or less constant environmental conditions (upper levels of tropical oceans) [25] .
One-component systems as the primordial form of prokaryotic signal transduction Three lines of evidence suggest that one-component regulators are evolutionary precursors of the twocomponent systems. First, the modular design of onecomponent systems is obviously simpler than that of two-component systems. Second, as shown above, the domain repertoire of one-component regulators is considerably more diverse than that of two-component systems. Finally, one-component regulators are more widely distributed among prokaryotes than two-component systems; with the exception of some parasites with highly degraded genomes, such as mycoplasmas, all prokaryotes encode a substantial diversity of one-component regulators. By contrast, two-component systems are missing in many species, particularly, among archaea ( Figure 2) . Furthermore, archaeal two-component systems have probably been acquired from bacteria via horizontal gene transfer, which has been suggested previously [26] . Therefore, it is possible that the last common ancestor of archaea and bacteria (i.e. the last common ancestor of all modern life forms) did not have two-component systems, but encoded several one-component regulators. Twocomponent systems appear to be a subsequent bacterial innovation that emerged as a result of insertion of histidine kinase domains and receiver domains into onecomponent regulators. If one-component regulatory systems comprise such a straightforward solution to the requirements of prokaryotes for signal transduction, then, what is the advantage of two-component systems? We believe that this has to do with the fact that onecomponent regulators detect stimuli (including environmental cues, such as gases, light and various small molecules) almost exclusively in the cytosol. All 25 303 protein sequences that had been identified as components of signal transduction systems in 145 prokaryotic genomes were scanned for the presence of transmembrane regions using the DAS (dense alignment surface) program [27] . It was found that 97% of the one-component regulators that contain an HTH domain do not have transmembrane regions and therefore are predicted to be cytosolic proteins. By contrast, more than 73% of the sensor histidine kinases were predicted to be membrane-associated on the basis of the presence of one or more transmembrane regions. Thus, the fundamental difference in the sensing mode between the one-component and two-component systems is intracellular versus extracellular detection of stimuli, respectively. Extracellular sensing provides a microbe with an obvious advantage compared with exclusive intracellular sensing. However, because more than 80% of signal transduction pathways involve DNA-binding, arrangement of single-molecule regulators in the membrane would place major constraints on their ability to interact with their targets in genomic DNA. A straightforward and efficient solution to this problem is dividing the signal transduction system into two proteins, a membrane-bound sensor and a soluble cytosolic DNA-binding regulator, which are linked via a phosphotransfer relay. Hence the emergence of the twocomponent signals transduction systems.
Concluding remarks
The availability of a large number of sequenced prokaryotic genomes has enabled the dominance of one-component signal transduction systems to be revealed and the apparent ancestor-descendant relationship between them and the two-component systems in prokaryotes to be proposed. It had been reported previously that some of the transcriptional regulators in prokaryotes possess sensory properties. However, to our knowledge, it has not yet been recognized that two-component signal transduction systems use a subset of the input and output domains that are present in one-component regulators, or that one-component regulators have extraordinary combinatorial diversity. Viruses frequently challenge the definition of 'life'. Although they reproduce and carry out many of the processes associated with living organisms, they have no intrinsic metabolism and lack the machinery required for self-reproduction and protein synthesis. Viruses are therefore considered to be non-living entities. However, viral complexity occurs across a vast spectrum, sometimes making it hard to define where to draw the line that separates the inanimate from the living. A newly discovered virus -the Mimivirus [1, 2] -comes closer to the threshold of life than any virus previously known.
Mimivirus was discovered in the amoebae Acanthamoeba polyphaga isolated from the water of a cooling tower in England [1] . A. polyphaga is a pathogenic free-living amoeba that is ubiquitous in air, soil and aquatic environments. When first observed, Mimivirus was mistaken for a Gram-positive bacterium because of the hairy appearance of the virion and its positive Gramstaining. This led to its name as the 'mimicking microbe' -hence 'mi-mi' [1] . It is conceivable that other members of Mimiviridae could exist in Acanthamoeba found in other environments. Mimiviridae might also be present in the closely related Naegleria fowleri. An obscure study of Naegleria dating back to the 1970s indicates the presence of an unknown infectious agent and virus-like particles in amoebae of this genus [3] . The description of a 'bacterialike body' surrounded by a 'fringe of microtubule-like projections' is reminiscent of the initial observations of Mimivirus [1] . This raises an interesting question: has Mimivirus been hiding in plain sight?
Mimivirus is the largest DNA virus ever characterized [2] . Mimivirus virions are huge in comparative terms: at 400 nm -twice the size of small bacteria such as Mycoplasma -it is a giant in the virus world [1] . Its genome is an extraordinary 1.2 Mbp with a coding potential for more than 900 proteins. Mimivirus is now recognized as the largest member of what are known as
